Introduction
Osteoarthritis (OA) is the commonest arthritis and results in significant personal suffering and massive socio-economic impact globally. Current treatments are aimed at symptom modification and limited by efficacy, compliance and pharmacological toxicity. Greater understanding of OA pathological processes is needed to underpin the search for new therapies.
Magnetic resonance imaging (MRI) has improved understanding of OA pathology. It has demonstrated the prevalent nature of cartilage loss, which frequently leads to denuded areas of bone [1, 2] . MRI has also highlighted the whole-organ nature of the OA process and in particular has demonstrated highly prevalent bone marrow lesions (BMLs). BMLs, defined as ill-delineated regions of hyper-intensity in fat suppressed MRIs, are comprised of histological abnormalities such as fibrosis, necrosis, trabecular bone abnormalities and microfractures [3, 4] . They have been associated with both pain [5, 6] and progressive compartment-specific cartilage loss [7] [8] [9] .
Little is known about the aetiology of OA BMLs, though fluctuation in size has been reported [10] , as has response to pharmacological and mechanical intervention [11, 12] . BMLs have been classified into groups based on their location and presumed mechanism of formation [13, 14] . Traumaassociated BMLs are often associated with meniscal and ligamentous soft tissue injury. These BMLs reflect the mechanism of the injury sustained, for instance where two bones impact there will be BMLs at the sites of impact, such as seen involving the lateral femoral condyle and -anterior cruciate ligament tear. Subchondral OA BMLs are associated with other MRI findings of OA and are not associated with a history of reported trauma or acute soft tissue injury.
Modern imaging analysis using active appearance models (AAMs), a form of statistical shape model, enables accurate quantification of tissue morphology and provides a consistent 3-dimensional framework for reproducible measurement across a cohort of patients, allowing comparison of the spatial locations of different tissues.
Intact healthy hyaline cartilage protects the underlying bone from abnormal contact loading as a consequence of a matrix of collagen fibres and the material properties of cartilage [15, 16] . We hypothesised that OA BMLs represent a response of bone to abnormal loading, and that the bone beneath areas of cartilage loss should be more likely to contain OA BMLs. We explored this hypothesis in a subset of the NIH Osteoarthritis Initiative (OAI) selected for the presence of medial OA.
Methods
Participants were selected from the OAI progressor cohort (0.B.1 and 1.B.1) using radiographic criteria intended to enrich the sample for cartilage damage: presence of osteophytes, a KL score 2 and medial joint space narrowing greater than lateral joint space narrowing. All participants also had pain, aching or stiffness in the enrolment year. MR images were acquired in identical 3T systems (Siemens Magnetom Trio, Erlangen, Germany) using a standard knee coil across all clinical centres. The sagittal intermediate-weighted turbo spin echo fat suppression sequence (TSE) was used for manual segmentation of BMLs, and the sagittal water-enhanced dual echo steady-state (DESS) sequence for manual segmentation of the cartilage. Manual cartilage segmentation was supervised by a musculoskeletal radiologist and an expert segmenter as previously described [17] .
Bone surfaces of the femur, patella and tibia were manually segmented in the DESS images, to assess the accuracy of the AAM bone searches. 2 segmenters were trained by Imorphics, and certified when able to repeatedly segment bone and cartilage with coefficient of variation of <3%.
This equates to a 95% confidence limit of ± 0.1 mm on mean cartilage thickness of 2 mm.
Cartilage thickness maps for the femur, tibia and patella were produced as previously described [17, 18] . Briefly, all bones were automatically segmented from the DESS images using AAMs. This provides a dense anatomically corresponded set of points on each bone surface. Cartilage thickness was measured at each correspondence point using a vector perpendicular to the surface, and finding its point of intersection, if any, with inner and outer cartilage surfaces. Denuded cartilage was defined as cartilage thickness of less than 0.5mm, the average length of a voxel edge. Severe cartilage damage was defined as between 0.5 and 1.5mm. Severe damage was defined as mean thickness in KL0 knees (2.25mm), less 1 SD (0.79mm) = 1.46mm, rounded to 1.5mm. Cartilage thickness maps were displayed on the mean bone shape, after subtracting the peripheral region around each cartilage plate, where cartilage thickness is normally below 0.5mm.
The procedure for manual BML segmentation was developed in association with a musculoskeletal radiologist and an experienced segmentation supervisor using EndPoint software (Imorphics, Manchester, UK). Subchondral BMLs were defined as ill-delineated regions of hyper-intensity located within the subchondral bone. We defined BMLs as lesions present on more than 1 slice and with a volume greater than 250 mm 3-dimensional images of the spatial distribution of BMLS within the mean bone shapes were then prepared by a step-wise process that involved: (1) creating 3D surfaces of all BMLs from manual segmentations of TSE images, using a marching cubes algorithm; (2) automatically searching TSE images using AAMs of the femur, tibia and patella bones to create AAM bone surfaces [19] ; (3) representing 25% and 75% of all BML hits were also prepared, to demonstrate that the mean data were representative of the population and not driven by outliers.
For the non-quantitative assessments, 3-dimensional visualisations were created which showed the denuded and damaged cartilage masks in different colours on a semi-transparent bone, together with the BML surfaces ( Figure 1B ). This allowed 3D examination of the bone marrow lesions, and their spatial relationship to any cartilage denudation in each individual.
To further investigate the spatial relationships between individual OA BMLs and cartilage loss, 3
aspects of each BML were assessed. Firstly BMLs were categorised as either associated with denuded cartilage, associated with severe cartilage damage or not associated with either lesion, based on visual evaluation using the semi-transparent bone images as shown in Figure 1 . BMLs were considered associated if approximately 25% or more of the denuded area was directly over the BML BMLs were categorised as large (>66% of the sub-region), medium (33-66%) or small (<33%) by a independent reader, blinded to the volumetric results). A BML was described as a kissing lesion if a BML existed in a directly opposed bone region (for example the MPF region of the femur is opposite the MP region of the patella). Ligamentous BMLs were not included in this analysis as they are not co-located with cartilage plates. In cases where no relationship was found between BMLs and cartilage lesions according to our denuded and severe damage definitions, the presence or absence of cartilage defects was recorded. 
Results

participants were included in this study
Group level findings
Denuded cartilage showed a characteristic pattern in the femur and tibia, with denudation concentrated in specific anatomical regions (Figure 2 ). In this cohort selected for medial radiographic OA, most cartilage loss was in the medial compartments of femur and tibia, with substantial loss also visualised in the patella and in the lateral patellofemoral compartment of the femur.
Osteoarthritis BMLs also showed a characteristic pattern of distribution (Figure 2 ). On visual inspection these areas strongly co-located with areas of cartilage denudation. The sensitivity analysis also demonstrated these patterns of co-location (data not shown). Ligamentous BMLs also demonstrated an expected pattern of distribution with the majority of these lesions at the cruciate ligament and meniscal attachment sites (Figure 3 ).
Individual participant findings
OA BMLs were almost twice as prevalent as ligamentous BMLs; they were seen in 76 (of 88) and 65 participants respectively. The majority of OA BMLs (66%) were large while most ligamentous lesions were smaller in size. 67% of individual OA BMLs were co-located with denuded cartilage and a further 21% co-located with severe cartilage damage ( Table 1 ). In the remaining 12%, 25 of 28
were associated with cartilage defects (Figure 4 ). 74% of all OA BMLs were kissing lesions, directly opposing another OA BML. Only 2 of the 28 BMLs not associated with denuded or severely damaged cartilage were kissing lesions.
Discussion
Using accurate quantitative image analysis, confirmed by individual participant analysis, we have demonstrated for the first time the very strong 3D spatial relationship between OA BMLs and severe cartilage damage in the femur and tibia of knee OA, both at individual and group level. This relationship was not as obvious in the patella which frequently contained extensive BMLs. Previous studies have reported statistical associations of BMLs with compartmental cartilage alterations [8, [20] [21] [22] . However, these studies could not determine the 3D spatial relationship which is essential for proposing a causal relationship (beyond features which may be frequently correlated with increasing OA structural progression). A unique feature of this study was the capability of AAMs to provide a standard frame of reference for both cartilage and BML measures derived from different MR sequences. Both TSE and DESS images were automatically segmented using the same set of AAMs for all bones, femur, tibia and patella, which allows direct comparison. These relationships are much less obvious in 2D slice-based methods, the current standard assessments for multiple OA tissue pathologies.
Previous studies have reported the distribution of cartilage loss within sub-regions of the knee [23] .
This is also the first study to provide a detailed map of the location of cartilage denudation across all bone surfaces within the knee. The population map in Figure 2 demonstrates widespread areas with no cartilage loss and focal areas of denudation especially in the medial femorotibial joint. The presence of denudation in the lateral trochlea of the femur is notable, with up to 15% of the population having denuded cartilage in this area, compared with around 5% on the medial trochlea.
It is suggested that BMLs at attachments of ligaments are due to tractional trauma or repetitive microtrauma. Similarly other BMLs induced by trauma are a result of abnormal mechanical loads and represent a footprint of the injury mechanism [20, 21] . The very high co-location of OA BMLs and cartilage denudation demonstrated in the current study strongly suggests an underlying causative relationship. It seems probable that OA and ligamentous BMLs arise from the same process of abnormal mechanical loading. The high frequency of kissing lesions amongst the OA BMLs further supports this contention.
All the sites at which we observed BMLs have one thing in common: they represent sites where noncorticated bone is unprotected by cartilage. This is the normal situation at cruciate ligament and meniscal attachments, and also the acquired OA state when cartilage is lost. Previous studies of trabecular bone morphometry support the concept of trabeculae aligning with force, and remodelling of trabeculae in areas of bone pathology [24, 25] . In line with our biomechanical loading theory, it is likely that areas of bone underlying denuded cartilage face repeated episodes of abnormal loading, as a mechanical consequences of the loss of overlying cartilage [15, 16] . Although this is not a longitudinal study, differing and episodic loading of the knee across denuded areas could also explain the reported significant change in size of OA BMLs over time. This is further supported by the recent trial reducing load through bracing in patellofemoral OA, where reduction in in BML volume was seen [11] . It is also interesting to speculate how this relates to OA symptom changes, as in the same trial there was associated reduction in symptoms.
There are a number of limitations to this work. Firstly, this study addresses the cross-sectional and not longitudinal relationship of cartilage and BMLs. A detailed longitudinal cohort analysis would be the ideal study to confirm our results, though very large numbers of individuals would be required with very long-term follow-up to enable sufficient time for denudation to develop. Additionally, the numbers in this study were limited for feasibility reasons; the manual segmentation of both cartilage and BMLs is a time consuming process. Other relevant tissues such as meniscal pathologies were not analysed in this study, and may provide further insight into BML formation. This cohort had predominantly medial OA and the findings may not relate to severe lateral compartment knee OA.
The use of visual assessment to score the association of BML and cartilage damage has limitations, and may introduce bias. It would have been preferable to count the number of denuded areas, however this was not possible as denuded and damaged cartilage regions often interconnect with each other and with the outer rim of thin cartilage.
This cross-sectional study cannot exclude the possibility that abnormal loading first causes damage to underlying bone, leading to future cartilage damage. However, we note that very few BMLs were not associated with cartilage damage, which would have been expected if this were a significant mechanism.
In summary, there was an almost exclusive relationship between the location of OA BML and cartilage denudation, which itself had a clear spatial pattern. We propose that OA and ligamentous BMLs represent a similar bone response to the abnormal mechanical loading seen in traumatic BML formation. 
